Recent advances in comprehensive genomic analyses, which include array-based comparative genomic hybridization (aCGH) and massively parallel sequencing, have permitted a better appreciation of the genetic complexity and clonal heterogeneity of the human tumor cell population. 1 --8 Although such analyses of tumor cells have provided evidence of extraordinary genomic complexity and intra-clonal genetic diversity in several cancers, little is known of the genetic architecture and intra-clonal heterogeneity of the leukemic clone in chronic lymphocytic leukemia (CLL) patients, 9 --11 and no sequential global genomic analyses have been performed to better understand the process of clonal evolution associated with the tumor cells in this malignancy. In order to gain insight into the genetic complexity and clonal evolution underlying disease progression/relapse, we performed a sequential, longitudinal analysis of tumor samples in 22 CLL patients.
All 22 patients had genome-wide genetic analysis performed by aCGH on at least two sequential tumor samples 46 months apart (54 samples from 22 patients with two to four time points (TPs) analyzed per patient). For the purposes of this study, we classified samples as; TP1 collected 46 months before starting first-line treatment: TP2 consisting of tumor samples at the time of progression requiring treatment and TP3 consisting of tumor samples collected 46 months after initial treatment but before subsequent treatments. 12 In cases showing genetic changes between TPs, fluorescence in situ hybridization (FISH) analyses were performed. Demographics, TPs analyzed and the technical approach used in each case are summarized in Supplementary Material, Supplementary Table S2 and Figure S1 . Overall, 6 of 22 patients (27%) showed copy-number abnormalities (CNA) differences between TPs. There was a small increase in genomic complexity in later TPs with a mean of 4 CNAs (median 4, range 0--12) detected at the first TP, increasing to a mean of 5.3 CNAs (median 4.5, range 0--21) at the last TP analyzed (Supplementary Table S3 ). Trisomy 12 and deletion 11q32 were stable over time, whereas there was an incremental in the number of cases with deletion 13q14.3 and 17p in more advanced stages of the disease.
In the six cases with CNA changes between TPs, FISH analyses were performed for validation and to estimate the percentage of B cells with the different CNAs. Diverse patterns of changes in the genetic architecture were observed. The simplest change was the linear sequence, characterized by the maintenance of the initial abnormalities and the subsequent acquisition of additional CNAs in the same subclone (Figure 1a ). This linear evolution of clone architecture was found in two cases (patients 9 and 17). Patient 9 had five CNAs at TP1 and acquired 9 additional CNAs (including deletion 13q14.3) at TP2. These nine CNAs were not found at TP1 using follow up FISH analysis, thus confirming that they were either absent or present in o5% of cells (that is, FISH detection threshold) at early stages of the disease. Patient 17 showed 12 CNAs at TP1 and acquired 9 additional CNAs at TP2. Additionally, a TP53 frame shift deletion (D1484X168) was found at TP2 ( Figure 1a) . None of these nine CNAs or the TP53 mutation were found at TP1.
The pattern of changes in the genetic architecture for the remaining four cases demonstrated marked heterogeneity with two or more subclones identified. Patient 8 was characterized by the presence of three subclones. All subclones shared trisomy 12 and gain of 19p13.2 --q13.12, but also displayed several subclonespecific CNAs (Figures 1b --d) . The subclone 'A' has seven additional CNAs, including deletions of 13q13.1 (RB1) and 13q14.3 (MIRN15A and MIRN16-1). Six different CNAs were specific to the subclone 'B', including heterozygous deletion of 13q14 (MIRN15A/MIRN16-1). Subclone 'C' likely was originated from subclone 'B' by acquiring homozygous deletion of 13q14.3 ( Figure 1d ). Subclone 'A' was the dominant clone at TP1 and TP2, found in B70% of tumor cells. At TP3, subclone 'A' was detected in only 20% of the tumor cells. Conversely, subclone 'B', which was present in B25 --30% of tumor cells at TP1 and TP2, became the dominant clone at TP3, observed in B60% of the leukemic cells. Subclone 'C' also increased in prevalence over time from 5% in TP1 to 20% in TP3 ( Figure 1d) .
A similar complex change in the genetic architecture was found in patient 22, with two genetically defined subclones sharing the trisomy 12 but also showing subclone-specific abnormalities. Subclone 'A' was observed in 70% of cells at TP2, whereas subclone 'B' was observed in 30% of cells. At TP3, however, subclone 'B' became the dominant subclone present in B90% of leukemic cells.
In the remaining two patients with changes in the genetic architecture, no apparent common CNAs were found between (sub)clones. Patient 16 showed a sole deletion on 11q22.3 --q23.2 at TP2. The karyotype became more complex at TP3, with deletion of 11q22.3 --q23.2 and six additional CNAs, including gains of 2p16 and 9q34, and deletions of 9p21, 9q12 --q33, 14q13.2 and 17p ( Figure 1e ). Furthermore, a missense mutation was found in the remaining TP53 allele (D281N) at TP3. Interestingly, the deletions 11q22.3 --q23.2 observed at both TPs were not related in origin as was confirmed by the presence of different chromosomal breakpoints (Figure 1f) . A FISH assay designed to cover the differentially deleted area confirmed the aCGH finding that two independent abnormalities affected 11q22.3 --q23.2 in the separate TPs. In addition, a different copy-number variant pattern was found in the deleted region between samples, confirming that separate and different chromosome 11 sources (maternal versus paternal) were affected in the two subclones (Figure 1f ). This finding illustrates the importance of genome-wide analysis, as FISH alone would not have identified the existence of two unrelated clones in this case.
Finally, at least three subclones were identified on patient 13. Two of these subclones exhibited a linear related sequence (clone 'B' and its derivative clone 'C'), however, the remaining (clone 'A') had no apparent genetic relationship with these two subclones.
In all four patients with multiple subclones, a marked shift in the dominant subclone was observed at the time of disease relapse, with the minor subclones at TP1 and TP2 becoming the dominant subclones at TP3 (Figure 2 ). In addition, the subclonal evolution continued following secondary therapies, and in all four cases the emerging subclone remains dominant after multiple treatments. This argues in favor of subclones with specific genetic structures becoming dominant with the selective evolutionary pressure imposed by therapy.
Accepted article preview online 20 January 2012; advance online publication, 10 February 2012 To our knowledge, the extent to which cancer cells differentiate genetically at the subclonal level has not been comprehensively tested in CLL. This study refines our understanding of the dynamic genetic changes in progressive CLL and offers a better understanding of the clonal evolution that can occur in an individual patient before and after therapy. Our analysis reveals a previously unappreciated genetic heterogeneity present in CLL, where many patients exhibited a variable number of genetically distinct subclones. Collectively, 425% of CLL patients exhibited changes in the genetic architecture and at least 18% showed evidence of multiple subclones, although we suspect that the mutation screening by whole genome sequencing will likely uncover an even higher prevalence of such evolution. Furthermore, our data confirm that CLL progression can occur in either a linear or a branching manner, with multiple genetic subclones evolving either in succession or in parallel (Supplementary Figure S2) . These Deletions of 6p22.2 and 6q12 --q13 become more evident in the later TP3, whereas multiple deletions on 6q23 --q24 decrease in prevalence over time (blue boxes). (c) Custom FISH probes were designed in these regions and used to confirm the simultaneous presence of multiple subclones. (d) Three subclones were found on patient 8 based on aCGH and FISH analyses. All subclones shared CNAs on chromosomes 12 and 19. In red are shown the abnormalities subclone-specific. There is a marked clonal shift between TP1 and TP2 and between TP2 and TP3. Subclone 'A' is the dominant clone in TP1 and TP2, but its prevalence is significantly reduced at TP3. Conversely, subclone 'B' emerged at TP3 becoming the dominant clone. The genetic architecture and prevalence of each clone was calculated using multiplex FISH assays. (e) Two (sub) clones with no apparent common CNAs were found on patient 16. Clone 'A' was characterized by deletion of 11q22 --q23 and was the dominant clone at TP2 but disappeared or was below the detection FISH detection threshold at TP3. Conversely, clone 'B' was undetectable at TP2 by aCGH or FISH, but became the dominant clone at TP3. (f ) Although both clones in patient 8 harbored deletion of 11q22 --q23, they were independent clones, as the affected regions (showed by gray blocks at the bottom panel) did not share any of the breakpoints in aCGH analysis (breakpoint positions found in TP2 are indicated by broken lines and compared with TP3; showed at the right panel). Data were confirmed using a validation FISH assay analyzing the differentially affected region between clones (BAC probe RP11-159L10). In addition, a biallelic deleted CNV (indicated with a red *) in TP3 but not in TP2 indicates that different alleles of 11q22 --q23 were affected in the two clones. The physical positions of probe RP11-159L10 and ATM gene are shown. In all cases analyzed, the emerging CNAs not found in previous TPs are shown in red. The genetic architecture and prevalence of each genetic clone was calculated using multiplex FISH assays. TP1 --TP3: TPs 1 --3. The time interval in months (m) between samples is shown.
findings indicate that the linear clonal succession model of cancer evolution 13 is a vast oversimplification of the changes in the genetic architecture experienced by many CLL patients.
Moreover, our data highlight the significant technologic advantages for evaluation of genomic complexity offered by the simultaneous use of whole genome and FISH analyses compared with FISH alone. Although FISH analysis is widely used in the study of CLL and it can successfully identify clinically relevant chromosomal abnormalities, 14, 15 FISH alone does not provide accurate insight regarding the global genomic landscape of each subclone. Patients 8 and 22, for example, had trisomy 12 as a common initial abnormality in all subclones, but subsequently underwent a marked clonal shift, characterized by multiple subclone-specific chromosomal changes. A comparable situation was found in cases where the same abnormality independently originated in different subclones (for example, patients 13 and 16 and the presence of multiple subclones with deletions of 11q22 and 6q, respectively).
Ultimately we believe detailed genetic analyses such as those performed here may have relevance beyond providing biologic insights. Thus, understanding the nature of the genetic heterogeneity and the emergence of subclones are important not only in furthering knowledge of tumor biology but also potentially to improve therapy selection and clinical outcome. The discovery that, at diagnosis, genetically distinct samples and subclones already possess variably aggressive growth properties illustrates the importance of developing therapies capable of eradicating all intra-tumoral genetic subclones in order to prevent genetic evolution and recurrence. Interestingly, our genetic analysis of individual patients at the time of disease progression and relapse revealed that a shift in the dominant subclone can occur such that therapy may have limited efficacy if it only targets a subpopulation within the clones. Understanding the complex subclonal architecture in CLL is a critical step to developing more targeted, individualized and effective therapies for patients with CLL.
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